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ABSTRACT 
The o b j e c t i v e  of t h e  program was a  s t u d y  of t h e  r a t e  of energy r e l e a s e  
i n  s o l i d  p r o p e l l a n t s  by means of shock waves of known d u r a t i o n s  and known 
c o n s t a n t  ampl i tudes .  The d a t a  sought were measured decomposi t ion r a t e s  
i n  p r o p e l l a n t s  under shock p r e s s u r e s  of t h e  o r d e r  of 1 0  kbar .  
The p r o g r e s s  under  t h i s  c o n t r a c t  t o o k  p l a c e  a l o n g  t h r e e  major l i n e s :  
( a )  I n s t r u m e n t a t i o n  f o r  a  gauge a l lowing  d i r e c t  exper imenta l  
d e t e r m i n a t i o n  o f  shock a m p l i t u d e  a s  a f u n c t i o n  o f  t i m e  
was des igned and p e r f e c t e d .  The gauge was c a l i b r a t e d  from 
3 . 8  t o  17.4 kbar .  
(b) Four g r a n u l a r  m a t e r i a l s  and a  c a s t  composi te  p r o p e l l a n t ,  
a l l  based on ammonium p e r c h l o r a t e ,  were  t e s t e d  by be ing  
exposed t o  square-wave shockwaves w i t h  ampl i tudes  rang ing  
from 7.8 t o  21.4 k b a r ,  and d u r a t i o n s  r a n g i n g  from 8 t o  
21 psec .  Granu la r  samples were t e s t e d  a t  two d i f f e r e n t  
p r e s s e d  d e n s i t i e s .  Explosion t h r e s h o l d s  were found t o  
depend g r e a t l y  on  p h y s i c a l  and chemical  c h a r a c t e r i s t i c s  
of samples.  
( c )  An a c c u r a t e  q u a n t i t a t i v e  a n a l y s i s  f o r  t h e  p e r c h l o r a t e  i o n  
was developed,  based on p r e c i p i t a t i o n  t i t r a t i o n  w i t h  t e t r a -  
phenyl arsonium c h l o r i d e .  Samples shocked below t h e  explo- 
s i o n  t h r e s h o l d  and subsequen t ly  recovered  f o r  chemical  
a n a l y s i s  showed o n l y  v e r y  small amounts of decomposit ion,  
never  i n  excess  o f  2  p e r c e n t .  
P robab le  mechanisms of i n i t i a t i o n  of r e a c t i o n  by shock waves a r e  
b r i e f l y  d i s c u s s e d .  It is  concluded t h a t  t h e  f o u r  most important  f a c t o r s  
f o r  i n i t i a t i o n  and b u i l d u p  of chemical  r e a c t i o n  a r e  d e n s i t y  of t h e  sample,  
a d d i t i o n  of b u r n i n g - r a t e  c a t a l y s t s ,  shock p r e s s u r e ,  and dhock d u r a t i o n .  
I. INTRODUCTION 
This  program was i n i t i a t e d  i n  May of 1966. The f i r s t  two years  
( B y ,  1 9 6 6 - ~ ~ ~ , 1 9 6 8 )  were funded under t h e  con t r ac t  No. NASI-6200. 
The t h i r d  . yea r ,  which began i n  September, 1968, c o n t r a c t  No. NASI-8622, 
i s  e s s e n t f a l l y  an ex tens ion  of t h e  prev ious  work. The o b j e c t i v e  of t h e  
program i s  a  s tudy  of t h e  rate of energy s e l e a s e  i n  s o l i d  p r o p e l l a n t s  by 
means of shock waves of known d u r a t i o n s  and known cons t an t  ampli tudes.  
The method s p e c i f i c a l l y  developed f o r  t h i s  purpose i s  t o  impact a  care-  
f u l l y  designed t a r g e t  assembly con ta in ing  t h e  p rope l l an t  sample by a  
c y l i n d r i c a l  p r o j e c t i l e  f i r e d  from a gun. The shock p re s su re  i n  t h e  sam- 
p l e  f o r  a  given p r o j e c t i l e  m a t e r i a l ,  i s  determined by t h e  v e l o c i t y  of t h e  
p r o j e c t i l e .  Shack p re s su re s  u s u a l l y  i nc rease ,  and shock d u r a t i o n s  ( f o r  a 
g iven  l eng th )  decrease  w i th  i nc reas ing  p r o j e c t i l e  d e n s i t i e s .  F u r t h e r ,  t h e  
des ign  of t h e  impact experiment is  such t h a t  t h e  shocked sample can be  
recovered and analyzed,  t hus  y i e l d i n g  decomposition r a t e  d a t a .  The c r u c i a l  
d a t a  sought i n  t h i s  program a r e  measured decomposition (energy-release)  r a t e s  
i n  p r o p e l l a n t s  under shock p re s su re s  of t h e  o rde r  of 1 0  kbar .  Two appl ica-  
t i o n s  of t h e  d a t a  so gathered would be (a) t h e  assessment of  hazards 
( e s p e c i a l l y  non-detonative hazards)  which a r i s e  when a  l a r g e  p r o p e l l a n t  
g r a i n  i s  subjec ted  t o  shocks;  and (b) c a l c u l a t i o n  of c r i t i c a l  de tona t ion  
d iameters  of t h e  p rope l l an t .  
Deta i led  accounts  of t h e  progress  during t h e  f i r s t  two yea r s  can be 
found i n  t h e  two Annual Reports and two pub l i ca t i ons  generated under t h i s  
program (1,  2 ,  3 ,  4) .  Very b r i e f l y ,  t h i s  p rogress  can be  summarized a s  
fo l lows  : 
(a )  An experimental  technique was developed whereby a  sample of a  
s o l i d  p r o p e l l a n t  can be exposed t o  a  "square-wave" shock of known ampli- 
tude  P and known d u r a t i o n  T, and then  recovered non-des t ruc t ive ly  f o r  sub- 
sequent  a n a l y s i s .  The shock wave i n  the  p rope l l an t  is generated by t h e  
impact of a  p r o j e c t i l e  f i r e d  from a gun. A schematic r e p r e s e n t a t i o n  of 
t h e  impact experiment and a  photograph of t h e  gun assembly a r e  shown i n  
F igures  1 and 2 (see a l s o  R e f .  2 ) .  
(b) A pres su re  gauge o p e r a t i v e  under strong-shock condi t ions  was 
per fec ted .  The gauge c o n s i s t s  of a  carbon-res i s tor  element which was 
found t o  change reproducibly wi th  shock pressures  i n  t h e  k i loba r  range 
over r e l a t i v e l y  long du ra t ions  (30-50psec). This measurement technique 
has y ie lded  experimental records  of shock-wave p r o f i l e s  over t h e  e n t i r e  
range of shock parameters encountered thus f a r  i n  t h e  program: ampli tudes 
from 4 t o  21 kbar ,  and du ra t ions  from 8 t o  2 lusec . .  
( c )  Small samples, ca.  0 .3 gm, of powdered ammonium pe rch lo ra t e  (AP), 
pressed t o  1.70-1.75 gm/cc dens i ty ,  were t e s t e d  by t h e  pro jec t i le - impact  
method. The r e t r i e v e d  samples were analyzed q u a n t i t a t i v e l y  by two methods. 
The pe rch lo ra t e  i o n  was t i t r a t e d  wi th  t e t r apheny l  arsonium ch lo r ide ,  t h e  
end-point being determined conductometr ical ly .  This  method revealed ~ 1 0 4  
l o s s e s  under shock sometimes exceeding 10%; however, even as a r u l e ,  t h e  
d a t a  were r a t h e r  s c a t t e r e d .  Occasional ly,  they could not  be co r r e l a t ed  a t  
4" 
a l l  wi th  gene ra l  t rends .  T i t r a t i o n  of NH with  base i n  t h e  presence of  4 
formaldehyde gave more s a t i s f a c t o r y  r e s u l t s  from t h e  po in t  of view of 
+ 
r e p r o d u c i b i l i t y ;  NH4 l o s s e s  i n  shocked samples s o  determined were always 
q u i t e  small, seldom i n  excessof  2%. The a c t u a l  e x t e n t  of t he  r e a c t i o n  
under shock thus  remained i n  doubt. 
(d) Shock t e s t i n g  of a  pressed p rope l l an t - l i ke  mixture,  AP/polyethylene 
(87/13),  revea led  explosion thresholds  i n  t h e  range between 12 and 15  kbar ,  
i n d i c a t i n g  t h e  onse t  of s u b s t a n t i a l  chemical r e a c t i o n  a t  well-defined shock 
p re s su re  l e v e l s .  Furthermore, th reshold  amplitudes were found t o  decrease 
wi th  increas ing  du ra t ions  T, i n d i c a t i n g  t h a t  the  concept of a  f i n i t e  r a t e  
of r e a c t i o n ,  i n i t i a t e d  by t h e  inc iden t  shock and quenched by t h e  r a r e f a c t i o n ,  
i s  r e a l i s t i c .  
The progress  under con t r ac t  NAS 1 - 8662 . has been along th ree  
major l i n e s :  
( a )  Instrumentat ion design f o r  9 
-. 
l ead ing  t o  complete q u a n t i t a t i v e  d e f i n i t i o n  of shockwaves generated i n  
p rope l l an t  samples. 
(b) - Shock t e s t i n g  of s o l i d  samples by square waves of varying ampli tudes 
and du ra t ions ,  and de termina t ion  of "explosion'! thresholds.  The samples 
so t e s t ed  were: Reagent--grade ammonium pe rch lo ra t e  ( A P ) ,  propel lant-grade 
AP, reagent  grade AP wi th  e l l  amounts of ca ta lyz ing  a d d i t i v e s ,  a  propel- 
l a n t - l i k e  mixture of propel lant-grade AP and polyethylene, and an a c t u a l  
composite (meta l l ized)  ppopel lant .  
( c )  Development of a q u a n t i t a t i v e  a n a l y s i s  technique f o r  t h e  perch- 
l o r a t e  ion .  Most of t h e  samples l i s t e d  i n  t he  previous paragraph,  which 
were r e t r i e v e d  a f t e r  exposure t o  shocks, were analyzed by t h i s  technique 
wi th  t h e  aim of determining t h e  ex t en t  of (non-explosive) r e a c t i o n  having 
taken p l ace  under shocks of known amplitude and dura t ion .  
These t h r e e  t o p i c s  w i l l  now be descr ibed  under s epa ra t e  headings. 
I1 MEASUREMENT OF SHOCK PARAMETERS 
The two s'hock parameters,  amplitude P and du ra t ion  T ,  were determined 
i n  two ways. The f i r s t ,  somewhat l e s s  s a t i s f a c t o r y  method i s  based e n t i r e l y  
on semi-empirical shock Hugoniots of t h e  p rope l l an t  sample and t h e  p l a s t i c  
casing.  The p l a s t i c  was always polyvinyl  d i c h l o r i d e  (PVDC) with  d e n s i t y  
of 1 .53 gmlcc. The mat te r  of  t h e s e  Hugoniots was discussed i n  d e t a i l  i n  
Refs. 1 and 3 .  The r e s u l t i n g  p l o t  ,of P vs. projec t i le - impact  v e l o c i t y ,  u ,  
f o r  PVDC p r o j e c t i l e s ,  i s  reproduced i n  Figure 3; ( , a l l  p r a j e e t i l w  used 
i n  t h i s  program were made of PVDC). Durat ion T i n  t h i s  method i s  assumed 
t o  be simply twice t h e  t r a n s i t  time of a  shockwave of amplitude P along 
t h e  p r o j e c t i l e .  The two parameters a r e  t hus  determined semi-empirically 
from a s i n g l e  measured datum, v e l o c i t y  u.  This method was used exc lus ive ly  
i n  e a r l y  s t a g e s  of t h e  program (Ref. 1 and 3 ) .  
Subsequent development of t h e  carbon-resis tor  gauge (Ref. 2 and 4 )  
was a  major advance. It (a )  allowed d i r e c t  experimental measurement o f  
T ;  (b) revea led  d e t a i l e d  shape of t h e  shockwave; and (c )  allowed an 
approximate experimental determinat ion of P by t h e  use of a  c a l i b r a t i o n  
of a  s i m i l a r  gauge a t  t h e  Bureau of Mines. However, a d i r e c t  c a l i b r a t i o n  
of our  gauge was s t i l l  not  p o s s i b l e ,  because our  c i r c u i t r y  d i d  no t  a l low 
a simultaneous measurement s f  h p a c t  v e l o c i t y  and of gauge r e s i s t a n c e  
change. The l a s t  de f i c i ency  was removed dur ing  t h e  c u r r e n t  year .  An 
account of t h e  f i n a l  experimental  des ign  and procedure fol lows.  
I n  i t s  t r a v e l  from t h e  gun muzzle t o  t h e  t a r g e t  t he  p r o j e c t i l e  
breaks succes s ivdy  two t h i n  wires s t r e t c h e d  a c r o s s  i t s  pa th .  The breaking 
of t h e  two wi re s  t r i g g e r s  two s e p a r a t e  c i r c u i t & ,  t h e  f i r s t  one s e rv ing  
t h e  high-speed camera, and t h e  second one t h e  p re s su re  gauge. 
A t  t h e  beginning of each sho t  t h e  high-speed (Beckman & Whitley) 
framing camera, viewing t h e  r eg ion  between tche gun muzzle and t h e  t a r g e t  
ho lder  ( see  F igure  2) ,  is manually set a t  t h e  des i r ed  framing r a t e  (u sua l ly  
35,000 f p s ,  corresponding t o  2 8 . 6 ~  s e c  between frames) and t h e  camera 
s h u t t e r  i s  opened. S ince  t h e  camera r e q u i r e s  a  h igh - in t ens i t y  l i g h t  
source,  i t  can be  run  f o r  s e v e r a l  minutes i n  subdued l i g h t  without  f i l m  
exposure. The gun is  now f i r e d  manually. The breaking of t h e  f i r s t  
t r i g g e r  w i r e ,  s t r e t c h e d  ac ros s  t h e  muzzle of t h e  gun 6 o r  7 inches  up- 
s t ream of t h e  t a r g e t ,  a c t u a t e s  a  h igh - in t ens i t y  Xenon f l a s h ,  t h e  du ra t i on  
of which i s  5.4msec. Since p r o j e c t i l e  v e l o c i t i e s  vary  from 500 to  2,500 
f t l s e c ,  t r a v e l  times between t h e  muzzle and t h e  t a r g e t ,  about  8.2 t o  I 
msec, a r e  always we l l  w i t h i n  t h e  a v a i l a b l e  f l a s h  per iod .  The r e s u l t i n g  
camera record  shows t h e  l o c a t i o n  of t h e  p r o j e c t i l e  i n  a number of sub- 
sequent  frames, and thus  al lows a  good measurement of u. An example i s  
shown i n  F igure  4. 
The second t r i g g e r  w i r e  i s  placed a t  a n  accu ra t e ly  measured d i s t a n c e  
from t h e  t a r g e t .  We chose a r b i t r a r i l y  a  convenient d i s t a n c e  of 1.27 inch 
(32 .3m) .  The breaking of t h e  second wire  t r i g g e r s  an  o sc i l l o scope  sweep, 
a s  shown i n  t h e  schematia diagram 0.f t h e  c i r c u i t ,  Figure 5. The t r a v e l  
t i m e  of t h e  p r o j e c t i l e  from t h e  o sc i l l o scope  t r i g g e r  t o  t a r g e t ,  determined 
by p r o j e c t i l e  v e l o c i t y ,  thus  is u s u a l l y  i n  t h e  range of  40 t o  200psec. 
The sweep-speed of t h e  o sc i l l o scope  was e i t h e r  1 0  o r  20psec/cm. Since 
t h e  carbon r e s i s t o r  i s  imbedded j u s t  below t h e  su r f ace  of t h e  t a r g e t ,  
a s  shown i n  Figure 1, i ts  r e s i s t a n c e  changes, due t o  shock compression, 
almost i m e d i a t e l y  (about l p sec )  a f t e r  impact. The s i g n a l  from the  re- 
s i s t o r  i s  now superposed on t h e  sweep of t h e  o s c i l l o s c o p e .  An o s c i l l o -  
scope  r e c o r d  i s  reproduced i n  F igure  6 .  
The o s c i l l o s c o p e - t r i g g e r  c i r c u i t r y  p r e s e n t s  two impor tan t  advantages  
over  p r e v i o u s  arrangements .  F i r s t ,  i t  i s  e n t i r e l y  independent of t h e  o t h e r  
t r i g g e r i n g  system s e r v i n g  t h e  camera, s o  t h a t  t h e  two can be  used s imul tan-  
eous ly .  The sys tem t h u s  a l l o w s  a  d i r e c t  c a l i b r a t i o n  of t h e  gauge, a s  d i s -  
cussed i n  t h e  n e x t  paragraph.  Second, t h e  o s c i l l o s c o p e  t iming from t h e  t r i g g e r  
t o  t h e  a r r i v a l  of t h e  shock a t  t h e  gauge g i v e s  a  redundant measure o f  t h e  
p r o j e c t i l e  v e l o c i t y ,  u. The o s c i l l o s c o p e  measurements were u s u a l l y  found 
t o  be  i n  v e r y  good agreement (+2%) - w i t h  s imul taneous  photographic  measurements. 
However, i t  was a l s o  found t h a t  t h e  o s c i l l o s c o p e  c i r c u i t  was s u b j e c t  t o  
o c c a s i o n a l  f a u l t y  t r i g g e r i n g .  Thus, w h i l e  t h i s  t echn ique  o f  v e l o c i t y  d e t e r -  
m i n a t i o n  h a s  been most u s e f u l  i n  conf i rming t h e  v a l i d i t y  of camem measure- 
ments ,  t h e  pho tograph ic  t echn ique  remains  more r e l i a b l e  of t h e  two. 
The gauge was c a l i b r a t e d  by a s e r i e s  of 1 0  s h o t s ,  i n  which impact 
v e l o c i t i e s  v a r i e d  from 600 t o  2,250 f t / s e c .  The corresponding impact p r e s -  
s u r e s ,  determined by t h e  Hugoniot r e f l e c t i o n  t echn ique  ( s e e  F i g u r e  3  and 
Ref. 1 and 3) , ranged  from 3 . 8  t o  17.4  k b a r .  The i n i t i a l  v i r t u a l l y  discon-  
t i n u o u s  jump i n  r e s i s t a n c e  o f  t h e  gauge recorded  i n  t h e s e  s h o t s  g i v e s  t h e  
d i r e c t  measure o f  t h e  i n c i d e n t  shock wave ampl i tude .  The p l o t  of carbon- 
s e n s o r  r e s i s t a n c e s  a t  i n c i d e n t  shock p r e s s u r e s  ( i .e .peak d e f l e c t i o n s  - s e e  iig 6) 
i s  g i v e n  i n  F i g u r e  7. The p l o t ,  o f  c o u r s e ,  depends on t h e  s p e c i f i c  v a l u e  of 
t h e  r e s i s t a n c e  o f  t h e  uncompressed s e n s o r ,  Ro. However, s i n c e  we always used 
a  s t a n d a r d  v a l u e  of R = 47WZohm, a s i n g l e  curve  s u f f i c e s  f o r  a l l  t e n  slrlots. 
0 - 
The es t imated  exper imenta l  s c a t t e r  o f  t h e  d a t a  i s  22% i n  t h e  h igh-pressure  
range  and - +4% i n  t h e  low-pressure range .  
Records of t h e  t y p e  reproduced i n  F i g u r e  6 ,  a long  w i t h  t h e  c a l i b r a t i o n  
curve  o f  F igure  7 ,  g i v e  complete i n f o r m a t i o n  about  t h e  shock regime a c t i n g  
on t h e  r e g i o n  o f  t h e  t a r g e t  where t h e  gauge i s  imbedded. Thus when t h e  
sample i s  p r e s e n t  i n  l i e u  of t h e  gauge ( s e e  F i g u r e  I ) ,  a  complete p r e s s u r e  
v s ,  t i m e  d e s c r i p t i o n  i n  t h e  sample i s  a v a i l a b l e ,  Prom t h i s  i n f o r m a t i o n ,  
-
one can c a l c u l a t e  t h e  t o t a l  shock impulse ,  Jpdt, t o  which a  sample i s  
exposed under a  s p e c i f i e d  s e t  06 exper imenta l  c o n d i t i o n s :  s p e c i f i e d  
impact v e l o c i t y ,  p r o j e c t i l e  l e n g t h ,  t a r g e t  geometry ( e . g ,  degree  of 
l a t e r a l  confinement -- s e e  F i g u r e  1 of  Ref .  2 ) ,  e t c .  
111 SHOCK TESTING O F  AP AME, PROPELLANT SAMPLES 
Eight  s e r i e s  of samples c o n s i s t i n g  0 1  i?, .1P w i t h  a d d i t i v e s ,  and 
AP-type p r o p e l l a n t s  were exposed t o  shocks of I-lown paramete rs .  The 
range  of shock a m p l i t u d ~ w a s  7 . 8  t o  21.4 kbar .  Three  d i f f e r e n t  p ro jec -  
t i l e  l e n g t h s  were used:  1 .22,  1 .83,  and 3.18 cm. Approximate shock 
d u r a t i o n s  T, a s  w e l l  a s  t o t a l  shock impulses ,  a r e  a v a i l a b l e  f o r  t h e s e  
s h o t s  from c a r b o n - r e s i s t o r  d a t a  by methods d i s c u s s e d  i n  S e c t i o n  11. 
The geometry of t h e  t a r g e t  assembly was uniform i n  a l l  s h o t s .  
The schemat ic  d i a g r a m i s  shown i n  F igure  1. Note p a r t i c u l a r l y  t h a t  a l l  
t a r g e t s  were r i g i d l y  conf ined  i n  hardened s t e e l ,  s o  t h a t  l a t e r a l  expansion 
of t h e  sample under  shock was n e g l i g i b l e ,  The shape of t h e  shock wave 
t h e r e f o r e  was always a  good approximat ion t o  a n  i d e a l  square  wave, which 
i s  adequa te ly  d e s c r i b e d  by two paramete rs ,  P and T .  The c a v i t i e s ,  machined 
o u t  of t h e  p l a s t i c ,  i n t o  which samples were loaded  (no t  drawn t o  s c a l e  i n  
F igure  l ) ,  were c y l i n d r i c a l  i n  shape,  and a11 o f  the  same s i z e :  1 . 2 1 9  cm 
i n  d iamete r ,  0.762 cm i n  dep th .  Thus t h e  sample volume was 0 . 8 8 9 ~ ~ .  With 
a  load ing  d e n s i t y  o f  1 . 7  gm/cc, t y p i c a l  of many samples t e s t e d ,  t h e  mass 
of t h e  sample is  about  1 . 5  gm. T h i s  is much l a r g e r  t h a n  t h e  samples used 
i n  p r e v i o u s  y e a r s ,  which were  o n l y  about  0 .3  gm. The r e a s o n  f o r  t h e  in- 
c r e a s e  i s  t h a t  one  of t h e  major aims i n  t h i s  y e a r ' s  program was a c c u r a t e  
chemical  a n a l y s i s  o f  s m a l l  e x t e n t s  of r e a c t i o n  which t a k e s  p l a c e  under 
shock. 
a .  Propel lant-Grade AP 
The f i r s t  s e r i e s  of tests was run  on a  sample of p rope l lan t -g rade  AP. 
The average  p a r t i c l e  d iamete r  of t h e  powder was 2 1 ~ .  The powder was p ressed  
i n t o  t a r g e t  c a v i t i e s  a t  maximum p r e s s u r e s  which could be used wi thou t  d i s -  
t o r t i o n  of t h e  p l a s t i c  (about  15,000 p s i ) ,  The mass,  and t h e r e f o r e  t h e  den-  
s i t y ,  of samples was determined by t a r g e t  we igh t s  before  and a f t e r  l o a d i n g ,  
Only samples f a l l i n g  w i t h i n  t h e  range of 1 , 5 3 5 . 0 2  gm were accepted f o r  
t e s t i n g .  This  corresponds t o  a  load ing  d e n s i t y  of 1,72gm/cc (88.2% of 
v o i d l e s s ) ,  
Nineteen s h o t s  were f i r e d .  P r o j e c t i l e  l eng ths  used were 1.22,  1.83, 
and 3.18 cm, corresponding t o  approximately 8 ,  12 and 21 psec shock dura- 
t i o n s  ( s ee  above).  Impact v e l o c i t i e s  ranged from 1,210 t o  2,640 f t / s e c ,  
corresponding t o  impact p r e s su re s  of 8 . 3  t o  21 .4  kbar  (Figure 3 ) .  
The no ta t i on  i n  t h e  column of Tables I through V 1 ,  denoted "Mechanical 
Result:' i s  a s  fol lows:  A - no damage; B - cap loose  (or  o f f ) ,  no s i g n  of 
r e a c t i o n ;  C - cap loose  (or  o f f ) ,  s i g n s  of r e a c t i o n ;  D - t a r g e t  sheared 
o r  rup tured .  There i s  a  p o s s i b l e  ambiguity about r e s u l t s  l a b e l l e d  "B". 
I n  ca se s  where t h e  t a r g e t  cap loosens  without  v i s i b l e  s igns  of r e a c t i o n  
(smudging, scorching a t  sample s u r f a c e ) ,  t h e  e f f e c t  may have been caused 
e i t h e r  by i n t e r n a l  pressuria9t tmdue t o  slow r e a c t i o n ,  o r  by mechanical 
loosening under impact. Except f o r  t h i s  q u a l i f i c a t i o n ,  t h e  n o t a t i o n  "A" 
through "D" c l e a r l y  i n d i c a t e s  i nc reas ing  amounts of r eac t ion .  
I n  one sho t  t h e  t a r g e t  cap was l oose  ("B"). The remaining 18  t a r g e t s  
were r e t r i v e d  mechanically undamaged. Since i n  a l l  types  of r e s u l t s  except  
"A", t h e r e  i s  u s u a l l y  mechanical l o s s  of t h e  sample, only runs  l a b e l l e d  
"A" can be  meaningfully analyzed f o r  amounts of sample l o s t  by chemical 
r eac t ion .  Most of t h e  1 8  undamaged samples I n  t h i s  series were subsequent ly  
analyzed chemical ly  f o r  t h e  amount of pereh loraee  l o s t  under shock exposure 
( s ee  Sec t ion  IV). Table  I g ives  t h e  complete l i s t i n g  of shock parameters 
and a n a l y t i c a l  d a t a ,  
W e  conclude t h a t  t he  explos ion  threshold  i n  t h i s  s e r i e s  was above 
21.4 kbar  ( i .  e .  , no explosion threshold  was found even f o r  21 psec d u r a t i o n ) ,  
I n  t he  second series of s h o t s  powdered mixtures  of propel lant-grade 
AP (see Sec t ion  IIIa) and polyethylene were t e s t e d .  The average p a r t i c l e  
diameters  of polyethylene powder were about 1511. The mixture contained 
87.4% of AP and l 2 , 6 %  polyethylene by weight ,  P.e. ,  it was approximately 
s to i ch iome t r i c  t o  Xl ,  H 0 ,  N2 and CO, Pressed d e n s i t y ,  aga in ,  was con- 2 
t r o l l e d .  The sample wefgkt range was 1.335 2 B,Ol5p ,  corresponding t o  
1.50gm/cc, o r  86.7% of v o i d l e s s  dens i ty .  
Two p r o j e c t i l e  l eng ths  were used,  1.83 cm and 3.18 cm. Seventeen 
s h o t s  were f i r e d  wi th  t h e  s h o r t e r  p r o j e c t i l e  (12psec nominal shock dura- 
t i o n )  over an amplitude range of 10.2 t o  1 8 . 1  kbar .  Four s h o t s  were 
f i r e d  wi th  t h e  longer  p r o j e c t i l e  (2 lpsec  u ~ r a t i o n ) ,  ranging from 10.7 t o  
13.4 kbar.  I n  view of t h e  f a c t  t h a t  approxir;.xte explosion thresholds  had 
been found f o r  t h i s  mixture i n  previous phases of t h i s  work (Ref. 2 ) ,  t h e  
purpose of t h i s  r a t h e r  ex tens ive  s e r i e s  of s h o t s  was twofold: (a) t o  
determine amplitude thresholds  more p r e c i s e l y ,  and (b) t o  o b t a i n  a s e r i e s  
of mechanically undamaged samples which had been exposed t o  shock amplitudes 
near  t h e  explosion threshold  f o r  subsequent chemical a n a l y s i s .  The endea- 
vour was successfu l .  Shock parameters f o r  explosion thresholds  a r e  shorn 
i n  Figure 8 ,  which a l s o  incorpora tes  previous da t a  from Ref. 2. Evident ly,  
t h e  threshold  behavior is  reproducib le :  13.3 kbar f o r  12psec and 11.7 kbar 
f o r  2lpsec dura t ion .  Most samples which were r e t r  below t h e  explosion 
threshold  were a l s o  analyzed chemical ly,  a s  discussed i n  Sect ion I V .  
Col lected shock-parameter and a n a l y t i c a l  da t a  a r e  l i s t e d  i n  Table II, 
c. Low-Density Reagent-Grade AP 
I n  view of t h e  f a c t  t h a t  n e i t h e r  of t h e  two s e r i e s  s f  t e s t s ,  t he  re- 
s u l t s  of which a r e  gathered i n  Tables I and 11, had given evidence of sub- 
s t a n t i a l  pre-explosion chemical r e a c t i o n ,  t e s t  s e r i e s  I I I c  through IIIg 
were designed t o  be  s h o r t  explora tory  experiments wi th  chemically pure AP, 
a t  two d i f f e r e n t  pressed d e n s i t i e s ,  and pure AP wi th  add i t i ves .  The purpose 
of t e s t s  a t  low d e n s i t i e s  and i n  t h e  presence of a d d i t i v e s  was t o  induce 
r e a c t i o n  a t  low shock amplitudes.  
The sample used i n  t h i s  s e r i e s  was reagent-grade kP, purchased from 
Fisher  Chemical Co. The sample was c a r e f u l l y  ground by hand and then 
analyzed micromerographically f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  The weight 
mean diameter was found t o  be  3 0 ~  and t h e  median diameter 32p. 
Four sho t s  were f i r e d  wi th  pure hP pressed t o  a r e l a t i v e l y  low dens i ty  
of 1.51+0.015gm/cc - (77-78% of v o i d l e s s ) .  P r o j e c t i l e  lengths  were 3.18 cm. 
No mechanical damage was found a t  12.9,  14 .4 ,  and 15.4 kbar .  Explosion 
occurred a t  17.0 kbar.  The t h r e e  r e t r i e v e d  samples were a l s o  analyzed 
chemically (see Sect ion IV). The da t a  a r e  c o l l e c t e d  i n  Table I I h ,  
A probable explosion threshold  can t h e r e f o r e  be  assigned between 15.5 
and 17.0 kbar ( f o r  2lusec du ra t ion ) .  A s l i g h t  unce r t a in ty  remains,  however, 
because t h e  pressed d e n s i t y  of t h e  sample i n  shot  No. 35B was 2-3% lower 
than t h e  average of t h e  o t h e r  t h r e e  sho t s ,  A t  any r a t e ,  t h i s  s e r i e s  
demonstrates t h a t  pure AP a t  t h e s e  pressed d e n s i t i e s  has a reasonably low 
explosion threshold.  
Three sho t s  were f i r e d  wi th  t h e  m a t e r i a l  descr ibed i n  Sec t ion  I I I c ,  
bu t  pressed t o  a higher  d e n s i t y ,  p o  = 1 . 7 3 ~ . 0 1 g m / c c .  No explosion thres -  
hold was found, The r e s u l t s  a r e  l i s t e d  i n  Table I I I b .  
e .  High-Density AP - Cu 0202 Mixture 
Five s h o t s  were f i r e d  wi th  a powdered mixture of 97.5% reagent-grade 
AP and 2.5% of a commercial "copper chromite" c a t a l y s t  (Harshaw Chemicals 
Cu0202 ). The reason  f o r  using t h i s  mixture i s  tht Cu0202 is known t o  
be  very  e f f i c i e n t  i n  i nc reas ing  the  burning r a t e  of AT?; a d d i t i o n  of a few 
percent  of t he  c a t a l y s t  i nc reases  t he  burning r a t e  s e v e r a l  t imes (Ref. 5 ) .  
Moreover, Cu0202 was found t o  be q u i t e  e f f e c t i v e  i n  ca t a lyz ing  t h e  high- 
temperature decomposition k i n e t i c s  of AP (Ref. 6 ) .  
The pressed d e n s i t y  i n  t h i s  s e r i e s  was t h e  h ighes t  a t t a i n a b l e  without 
d i s t o r t i o n  of t h e  p l a s t i c  c a v i t y ;  i t  ranged between 1.70 and 1.75gm/cc. 
The p r o j e c t i l e  l eng ths  i n  a l l  f i v e  sho t s  were 3.18cm. Two of t h e  samples 
exploded. Three were r e t r i eved .  Two of t h e  l a t t e r  t h r e e  were analyzed (see 
Sec t ion  IV). The da t a  a r e  co l l ec t ed  i n  Table IVa. The explosion threshold 
appears  t o  be between 10.2 and 13.4 kbar f o r  2lpsec dura t ion .  
f .  
Three s h o t s  were f i r e d  w i t h  t h e  AP/Cu0202 (97.512.5) m i x t u r e ,  
d e s c r i b e d  i n  S e c t i o n  I I I d .  However, i n  t h i s  s e r i e s  che p r e s s e d  d e n s i t y  
was s u b s t a n t i a l l y  lower ,  o n l y  abou t  78% of t h e  v o i d l e s s  v a l u e ,  Shock 
p r e s s u r e s  ran5ed from 8.7 t o  15.4 kbar .  Shock d u r a t i o n s  were 2 lpsec .  
Explosion occur red  i n  a l l  c a s e s .  The d a t a  a r e  c o l l e c t e d  i n  Table  IVb. 
Tab les  I V  and V I  show s u b s t a n t i a l  c a t a l y t i c  e f f e c t  of Cu0202 as f a r  
a s  e x p l o s i o n  t h r e s h o l d  i s  concerned,  The low-density mix ture  was t h e  
most s e n s i t i v e  sample s t u d i e d  i n  t h i s  program. 
g.  AP-Cu0202 - Carbon Mixture  
Four s h o t s  were f i r e d  w i t h  a  mix ture  c o n t a i n i n g  95% At), 4% carbon,  
and 1% Cu0202. The r e a s o n  was t h a t  a d d i t i o n  of carbon had been found t o  
d e c r e a s e  d r a s t i c a l l y  t h e  i g n i t i o n  t empera tu re  of AP (Ref. 7 ) .  The p r e s s e d  
d e n s i t y  of t h e s e  samples was r a t h e r  h i g h  and v e r y  uniform: 
0 
= 1.738 - +
0.007gm/cc. 
The r e s u l t s  a r e  c o l l e c t e d  i n  Table  V. Three samples were c o l l e c t e d  
undamaged, and were analyzed ( S e c t i o n  IV). The f o u r t h  one,  a t  a h i g h  shock 
ampl i tude ,  exploded. Comparison w i t h  t h e  r e s u l t s  of Table  V i n d i c a t e s  t h a t  
ca rbon  i s  less e f f e c t i v e  i n  induc ing  r e a c t i o n  i n  AP under shock t h a n  Cu0202. 
Thus i t  i s  p o s s i b l e  t h a t  t h e  c r u c i a l  requirement  f o r  inducement of substan-  
t i a l  r e a c t i o n  under shock i s  n o t  e f f i c i e n t  i g n i t i o n  of AP g r a i n s ,  b u t  r a t h e r  
t h e  r a t e  of subsequent  s u r f a c e  decomposi t ion.  
h. Composite P r o p e l l a n t  
I n  t h e  f i n a l  s e r i e s , s h o c k  t e s t s  were performed on a n  a c t u a l  composite 
p r o p e l l a n t .  The p r o p e l l a n t  c o n s i s t e d  o f  AP, PBAN b i n d e r ,  and aluminum. 
The p r o p e l l a n t  was prepared and loaded i n t o  p l a s t i c  (PVDC) c a p s u l e s  provided 
by A t l a n t i c  Research Corporat ion,by U.  S. Naval Ordnance S t a t i o n ,  I n d i a n  
Head, Maryland. 
Twenty-five samples were  p r e p a r e d ,  twenty-one of which were subsequen t ly  
shock- tes ted  i n  t h e  same way as samples d e s c r i b e d  i n  S e c t i o n s  IIIa through 
I I I g .  I n  view of  t h e  f a c t  t h a t  d i f f i c u l t i e s  were exper ienced  i n  c a s t i n g  
t h e  p r o p e l l a n t  d i r e c t l y  i n t o  p l a s t i c  c a p s u l e s ,  which i s  t h e  p r e f e r r e d  pro- 
cedure ,  on ly  t h r e e  samples were p repared  i n  t h a t  f a s h i o n .  The remainder 
were  p re -cas t  i n t c  cardboard s l e e v e s ,  and t h e  c a s t  specimens were  p ressed  
l i g h t l y  i n t o  p l a s t i c  c a p s u l e s .  A small amount of g l u e  was used t o  e l i m i -  
n a t e  c a v i t i e s  between t h e  specimen and t h e  p l a s t i c .  Most samples so  pre- 
pa red  had a n  u n f o r t u n a t e  f e a t u r e ,  i n  t h a t  t h e y  d i d  n o t  f i l l  t h e  sample 
c a v i t y  e n t i r e l y .  While a n  a t t e m p t  was made t o  c o r r e c t  t h i s  d e f i c i e n c y  by 
f i l l i n g  t h e  space  w i t h  p l a s t i c ,  t h e  d e n s i t y  of t h e s e  samples remained 
unknown. Moreover, t h e  d e n s i t y  of t h e  specimens (sample p l u s  glu* which 
d i d  n o t  need t h i s  c o r r e c t i o n ,  determined from weight  d i f f e r e n c e  b e f o r e  and 
a f t e r  l o a d i n g ,  was 5 t o  8% lower t h a n  i n  t h e  c a s e  of samples c a s t  d i r e c t l y  
i n t o  c a p s u l e s .  Undetected v o i d s  i n  t h e s e  samples must t h e r e f o r e  be  suspec ted .  
I n  view of  t h e  f a c t  t h a t  work w i t h  t h e  composite p r o p e l l a n t  p e r f o m e d  i n  
a n o t h e r  program (Ref. %), d i s c l o s e d  t h e  c r u c i a l  importance o f  v o i d l e s s n e s s ,  
o n l y  t h e  r e s u l t s  of t h e  t h r e e  t e s t s  w i t h  high-densi ty  (1.76-1.79gin/cc) 
samples a r e  q u a n t i t a t i v e l y  r e l i a b l e .  
The d a t a  a r e  c o l l e c t e d  i n  Tab le  VI. Probably t h e  most impor tan t  
r e s u l t  of  t h i s  series i s  t h e  e s t a b l i s h m e n t  o f  t h e  h i g h  degree  o f  s t a b i l i t y  
o f  t h e  c a s t  p r o p e l l a n t ,  a s  shown by r u n s  88-B, 113-B, and 119-B,nona o f  
which e x h i b i t e d  any obvious  r e a c t i o n  ( p a r t  a of Table  ~ 1 ) .  It is  note- 
worthy t h a t  t h e  sample i n  s h o t  119-B was exposed t o  a  shock impulse  n e a r  t h e  
upper l i m i t  o f  t h e  c u r r e n t  t echn ique .  
P a r t b  of Tab le  VI l ists t h e  r e s u l t s  w i t h  p r e - c a s t  samples.  D e n s i t i e s  
o f  specimens, i n  t h e  few c a s e s  where t h e y  could be  d e t e m i n e d ,  a r e  g iven  i n  
t h e  second column; i n  t h e  absence  of o t h e r  ev idence ,  i t  must be  assumed t h a t  
d e n s i t i e s  of o t h e r  specimens were n o t  n e c e s s a r i l y  any h i g h e r .  Under t h e s e  
c i rcumstances ,  no q u a n t i t a t i v e  meaning can be ass igned  t o  mechanical  r e s u l t s  
observed ( l a s t  column). However, i t  may be p o i n t e d  o u t  t h a t  i n  a t  l e a s t  
some c a s e s  ( s h o t s  84-B and 121-B) t h e r e  was no d e f i n i t e  s i g n  o f  r e a c t i o n  
even a t  v e r y  h i g h  shock impulse  l e v e l s .  It can be  presumed t h e n  t h a t  sub- 
s t a n t i a l  r e a c t i o n s  observed i n  o t h e r  s h o t s  (77-B, 83-B) was due t o  unde tec ted  
i m p e r f e c t i o n s  i n  t h e  sample. 
No q u a n t i t a t i v e  chemical  a n a l y s e s  were made i n  t h i s  s e r i e s .  
I V  QUANTITATIVE CHEMICAL ANALYSIS 
It was no ted  p r e v i o u s l y  (Ref,  2)  t h a t  t h e  exper imenta l  t e c h n i q u e  
employed i n  t he  p r e s e n t  program p l a c e s  s t r i n g e n t  demands on t h e  q u a n t i t a t i v e  
a n a l y s i s  of samples which ' had been exposed t o  a shockwave and t h e n  r e t r i e v e d  
mechan ica l ly  undamaged. Th is  is  s q b e c a u s e  tnc a n a l y s i s  i s  n e c e s s a r i l y  based 
on a  s m a l l  d i f f e r e n c e  between t h e  o r i g i n a l  q u a n t i t y  of t h e  l u n r e a c t e d )  sample, 
and t h e  recovered  r e s i d u e .  A s u b s t a n t i a l  e f f o r t ,  t h e r e f o r e ,  was devoted dur- 
i n g  t h e  c u r r e n t  y e a r  toward a n  imprswdmethod of a n a l y s i s  f o r  p e r c h l o r a t e  i o n .  
S e v e r a l  t e c h n i q u e s  were t e s t e d  and abandoned b e f o r e  a  s u f f i c i e n t l y  a c c u r a t e  
method was adopted.  A  b r i e f  d e s c r i p t i o n  of t h e  u n s u c c e s s f u l  methods f o l l o w s .  
A l l  of t h e s e  methods a r e  m o d i f i c a t i o n s  aimed a t  improvement of t h e  t e t r a p h e n y l  
arsonium c h l o r i d e  p r e c i p i t a t i o n  t i t r a t i o n .  
The conduc tomet r ic  t i t r a t i o n  p rocedure  s u f f e r e d  from t h e  s lowness  of 
p r e c i p i t a t e  fo rmat ion .  Addi t ion  o f  l a r g e  amounts of an  e l e c t r o l y t e  speeded 
up t h e  p rocedure ,  b u t  i t  was found t h a t  t h e  s t r o n g l y  enhanced conductance 
o f  t h e  s o l u t i o n  made i t  d i f f i c u l t  t o  d e t e c t  t h e  endpoin t  w i t h  s u f f i c i e n t  
p r e c i s i o n .  
An amperiometr ic  t i t r a t i o n  w i t h  t e t r a p h e n y l  arsonium c h l o r i d e  and an  
added e l e c t r o l y t e  w a s  cons idered  w i t h  t h e  view of a c c u r a t e  endpoin t  de tec -  
t i o n .  Th is  method depends upon t h e  appearance o f  a  p o l a r o g r a p h i c  wave once 
e x c e s s  t e t r a p h e n y l  arsonium c h l o r i d e  i s  p r e s e n t  beyond t h e  endpoin t .  How- 
e v e r ,  a polarogram r u n  on t e t r a p h e n y l  arsonium c h l o r i d e  showed a  p o o r l y  de- 
f i n e d  r e d u c t i o n  wave, cons idered  i n a d e q u a t e  f o r  t i t r a t i o n .  
S e v e r a l  p e r c h l o r a t e  t i t r a t i o n s  were a t t empted  by means of a  r o t a t i n g  
p la t inum e l e c t r o d e ,  b u t  t h e  endpoin t  was n o t  s h a r p l y  enough d e f i n e d  t o  g ive  
r e s u l t s  s u p e r i o r  t o  t h o s e  o b t a i n e d  i n  o u r  p r e v i o u s  work. 
The a p p l i c a b i l i t y  of a p o t e n t i o m e t r i c  endpoin t  p rocedure  was i n v e s t i -  
ga ted  i n  a  s imple  exper iment .  A t i t r a t i o n  of p e r c h l o r a t e  w i t h  t e t r a p h e n y l  
arsonium c h l o r i d e  was r u n  u s i n g  a  platinum-calomel e l e c t r o d e  and a  p o t e n t i o -  
meter  readout .  No d i s t i n c t  p o t e n t i a l  change was observed a t  t h e  endpoin t .  
The exper iment  was t h e n  r e p e a t e d  w i t h  a p o l a r i z e d  e l e c t r o d e  p a i r ,  a g a i n  w i t h  
n e g a t i v e  r e s u l t s .  
The method f i n a l l y  adopted employs a s p e c i f i c - i o n  e l e c t r o d e .  F i r s t  we 
found t h a t  s p e c i f i c - i o n  e l e c t r o d e s  do n o t  have s u f f i c i e n t  p r e c i s i o n  f o r  d i r -  
- 
e c t  measurement o f  C10 However, they  a r e ' v e r y  s u i t a b l e  f o r  t h e  d e t e c t i o n  4  ' 
of  endpoin t .  The s u c c e s s  of t h i s  method depends on t h e  f a c t  t h a t  t h e  p e r c h l o r -  
a t e - s p e c i f i c  e l e c t r o d e  (Orion Research)  i s  s u b j e c t  t o  i n t e r f  e r e n c e  from 
c h l o r i d e .  Thus, when t h e  e l e c t r o d e  is  used a g a i n s t  a  double - junc t ion  calomel  
r e f e r e n c e  i n  t h e  p r e c i p i t a t i o n  t i t r a t i o n  of p e r c h l o r a t e  w i t h  t e t r a p h e n y l  
arsonium c h l o r i d e ,  i t s  p o t e n t i a l  i s  c o n t r o l l e d  by t h e  c o n c e n t r a t i o n  o f  perchlo-  
r a t e  i o n  u n t i l .  t h e  e q u i v a l e n c e  p o i n t  i s  reached ,  whereupon t h e  p o t e n t i a l  
s h i f t s  t o  t h a t  r e s u l t i n g  from ~ 1 -  i n t e r f e r e n c e ;  t h e  a d d i t i o n  o f  ~ 1 -  enhances 
t h e  response .  The r e s u l t  i s  t h e  f a m i l a r  "S-shaped" p o t e n t i o m e t r i c  t i t r a t i o n  
c u r v e ,  which can b e  handled by a n  au tomat ic  t i t r a t o r .  
Th i s  method, when used on p u r e  samples of AP, gave t h e  f o l l o w i n g  r e s u l t s :  
0 .6  p e r c e n t  maximum d e v i a t i o n s  i n  i n d i v i d u a l  r u n s ;  0.3-0.4 p e r c e n t  a v e r a g e  
d e v i a t i o n s  of t h r e e  o r  more r u n s .  Averages of t h r e e  o r  more r u n s  were used 
i n  a l l  t h e  r e p o r t e d  a n a l y s e s .  
I n  view of t h e  f a c t  t h a t  i n  t h e  r e a c t i o n  under shock p a r t i a l  r e d u c t i o n  
of p e r c h l o r a t e  cannot  be  excluded,  t e s t s  were r u n  on i n t e r f e r e n c e  w i t h  c h l o r a t e .  
None was found. A sample c o n s i s t i n g  of 1.500g AP and 0.300g KC10 ana lyzed  3 
t o  an e q u i v a l e n t  of 1 .498 g  AP. The method, e v i d e n t l y ,  cannot  b e  s u b j e c t  t o  
i n t e r f  e r e n c e  of c h l o r i d e  e i t h e r .  
The method was a l s o  used f o r  a n a l y s i s  of pe rch lo ra t e  i n  t he  presence 
of s u b s t a n t i a l  amounts of poiyekhylene powder (Sec t ion  I IPb) .  A prepared 
mixture conta in ing  87.4% AP and 12.6% polyethylene analyzed t o  87.34+0.25% - AP 
i n  a n  average of s i x  runs .  S imi l a r ly  good r e s u l t s  were obtained wfth AIP/ 
Cu0202 and AP/carbon/Cu0202 mixtures .  
We conclude t h a t  t h e  method, a s  used i n  t h i s  program,is  r e l i a b l e  
w i th in  - W.4 percent .  I n  view of t h e  f a c t  t h a t  somewhat l a r g e r  e r r o r s  were 
experienced i n  a few ana lyses  of shocked samples (manifested by r e s u l t s  
which showed more pe rch lo ra t e  than t h e  amount o r i g i n a l l y  present  -- see 
negat ive  " losses"  i n  Tables  I through v), we have c a r e f u l l y  elramined the  
experimental procedure f o r  poss ib l e  e r r o r s  o t h e r  than those  of chemical 
a n a l y s i s .  The weighing e r r o r s  a r e  l e s s  than  0.1% and can the re fo re  be 
neglected,  However, t h e  prepara t ion  of pressed samples involves smoothing 
out  (sanding) of t h e  s u r f a c e  of t h e  samples; t h i s  process  involves s l i g h t  
l o s s e s  of t h e  p l a s t i c  capsule ,  which i n  t h e  end-resul t  tend t o  s h i f t  ana- 
l y t i c a l  da t a  t o  higher  va lues .  The maximum e r r o r  so  introduced can be 0.3%. 
- 
The cumulative e r r o r , i n  t h e  d i r e c t i o n  of f i n d i n g  too much Cl0 t h e r e f o r e  4 '  
may conceivably be  a s  high as 0.7% (but ,  of course,  is usua l ly  l e s s ) .  Thus 
any e n t r i e s  i n  Table I-V which show "losses1'  between -0.7 and 90.4%, may 
be  due t o  experimental  e r r o r s .  Losses higher  than 0.4% should be considered r e a l  
(chemical r e a c t i o n ) ,  A "loss" lower than -0.7% (Shot 5-B, Table 1) cannot 
be accounted f o r .  
Only mechanically undamaged r e s idues  of samples were analyzed ( r e s u l t  
"A" i n  t h a t  t h e  l a s t  columns of Tables I-V). Resul t  "D" u sua l ly  means g r o s s ,  
o r  even t o t a l ,  l o s s  of sample, Resul t  "C" means smal l ,  but  v i s i b l e  l o s s .  
Resul t  "B" u s u a l l y  does no t  e n t a i l  v i s i b l e  l o s s ,  bu t  such (mechanical) l o s s  
must always be suspected.  
Bn i n spec t ion  of Tables 9-V r evea l s  a genera l  tyrpe s f  r e s u l t :  mech- 
a n i c a l l y  undamaged samples show very l i t t l e  l o s s  when analyzed, never i n  
excess  of 2 percent .  We conclude that  t h e  decomposition react ion 
under shock l o a d i n g  e i t h e r  proceeds  t o  a  v e r y  l i m i t e d  e x t e n t  o n l y ,  o r  
b u i l d s  up r a p i d l y  toward exp los ion .  It must b e  emphasized, however, t h a t  
t h i s  c o n c l u s i o n  a p p l i e s  o n l y  t o  p r e s s e d  samples of p u r e  AP, o r  AP w i t h  
a d d i t i v e s  which,  even a t  r e l a t i v e l y  h i g h  d e n s i t i e s ,  con ta ined  a substan-  
t i a l  v o i d  volume ( a t  l e a s t  10%) .  R e s u l t s  w i t h  c o n s o l i d a t e d  p r o p e l l a n t  
samples (Table  VI) remain i n c o n c l u s i v e  a s  f a r  as chemical  r e a c t i o n  is  
concerned.  
The second c o n c l u s i o n  is  t h a t  such e x t e n t s  of r e a c t i o n  a s  a r e  found by 
chemical  a n a l y s i s  t o  have t aken  p l a c e  under shock l o a d i n g  cannot  be  c o r r e l a -  
t e d  wi th  shock paramete rs  (ampl i tude ,  impulse ,  energy) .  To be  s u r e ,  
t h e  s m a l l  amounts of r e a c t i o n  found,  coupled w i t h  exper imenta l  e r r o r  l i m i t s ,  
do n o t  l e a v e  much room f o r  d i s c r i m i n a t i o n  among t h e  r e s u l t s .  N e v e r t h e l e s s ,  
a  comparison of p a i r s  of r e s u l t s ,  such a s  12-B and 15-B i n  Tab le  I ,  40-B 
and 25-B i n  Tab le  11, e t c , , s u g g e s t  a n  e r r a t i c  i n i t i a l  r e a c t i o n .  
V .  CONCLUSIONS 
1. The e x t e n t  of chemical  r e a c t i o n  under shockwaves of s p e c i f i e d  ampli- 
t u d e  and d u r a t i o n  f o r  v a r i o u s  AP-containing m i x t u r e s  c a n  b e  judged q u a l i t a t i v e l y  
b e  t h e  o c c u r r e n c e  of e x p l o s i o n  and q u a n t i t a t i v e l y  by chemical  a n a l y s i s  of 
t h e  sample r e t r i e v e d .  "Explosion" means a n  e x t e n t  of r e a c t i o n  s u f f i c i e n t  
t o  r u p t u r e  t h e  p l a s t i c  c a p s u l e  c o n t a i n i n g  t h e  sample. S i n c e  q u a n t i t a t i v e  
chemical  a n a l y s i s  never  r e v e a l e d  more t h a n  2% decomposi t ion of p e r c h l o r a t e ,  
i t  c a n  on ly  b e  s t a t e d  t h a t  t h e  e x t e n t  of r e a c t i o n  l e a d i n g  t o  e x p l o s i o n  i s  i n  
e x c e s s  of 2%. 
2. No e x p l o s i o n  t h r e s h o l d s  were found f o r  AP --- e i t h e r  p r o p e l l a n t -  
g r a d e ,  o r  r e a g e n t  g rade  --- when p r e s s e d  t o  abou t  90% of v o i d l e s s  d e n s i t y .  
. 
Maximum shock impulses  employed i n  t h e s e  t e s t s  were a s  fo l lows :  21.4 kbar 
f o r  8 usec ,  18 .6  kbar  f o r  1 2  psec ,  and 1 7 . 1  kbar  f o r  21 usec  i n  t h e  c a s e  of 
p r o p e l l a n t - g r a d e  m a t e r i a l ;  17.6  kbar f o r  21 usec  i n  t h e  c a s e  of 
reagent-grade m a t e r i a l .  Thus, no d i f f e r e n c e  i n  shock s e n s i t i v i t y  between 
t h e  two g r a d e s  has been found; i t  must be po in ted  o u t ,  however, t h a t  no exten- 
s i v e  e f f o r t  was made t o  e s t a b l i s h  a  t h r e s h o l d  f o r  reagent-grade AP, so  
t h a t  t h e  d a t a  on t h a t  m a t e r i a l  a r e  v e r y  meager. 
3 .  An e x t e n s i v e  s e r i e s  of t e s t s  on AP/polyethylene powdered m i x t u r e  
p ressed  t o  87% of v o i d l e s s  d e n s i t y  gave e x p l o s i o n  t h r e s h o l d  ampl i tudes  which 
d e c r e a s e  w i t h  i n c r e a s i n g  shock d u r a t i o n s .  T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  
concept  of a  f i n i t e  r a t e  of r e a c t i o n ,  i n i t i a t e d  by t h e  i n c i d e n t  shock and 
quenched by t h e  r a r e f a c t i o n ,  i s  r e a l i s t i c .  
4 .  Decreased d e n s i t i e s  of p ressed  powdered charges  have a s t r o n g  
e f f e c t  on  s e n s i t i v i t y ,  b o t h  f o r  pure  AP and f o r  AP w i t h  a  c a t a l y s t  (Cu0202). 
5. A d d i t i o n  of Cu0202, a c a t a l y s t  which i s  known t o  a c c e l e r a t e  d e f l a -  
g r a t i o n  o f  AP i n  s t rand-burner  exper iments ,  i n c r e a s e s  markedly t h e  shock 
s e n s i t i v i t y  of AP, b o t h  a t  h i g h  (88% of  v o i d l e s s )  and low (78% of v o i d l e s s )  
d e n s i t y .  On t h e  o t h e r  hand, no d e f i n i t e  lowering of t h e  exp los ion  t h r e s h o l d  
was found upon a d d i t i o n  of c a r b o ~ w h i c h  had been  r e p o r t e d  t o  f a c i l i t a t e  
i g n i t i o n  of AP. These  r e s u l t s  sugges t  t h a t  t h e  r a t e  of s u r f a c e  decom- 
p o s i t i o n  a f t e r  i g n i t i o n ,  r a t h e r  t h a n  t h e  p r o c e s s  of i g n i t i o n  i t s e l f ,  is 
c r u c i a l  i n  de te rmin ing  b u i l d u p  t o  exp los ion .  
6. The e x t e n t  of pre-explosion r e a c t i o n  found by p r e c i p i t a t i o n  
- -I- 
t i t r a t i o n  of C10 under NAS1-8622 a g r e e s  w i t h  NH4 a n a l y s i s  performed i n  4 
e a r l i e r  s t a g e s  of t h i s  program (2% o r  l e s s  i n  b o t h  c a s e s ) .  Thus t h e  
chemical  a n a l y s i s  of shocked samples ind ica&ks . .  t h a t  t h e  decomposit ion 
r e a c t i o n  under shock  l o a d i n g  e i t h e r  proceeds  t o  a l i m i t e d  e x t e n t  o n l y ,  
o r  b u i l d s  up r a p i d l y  toward explosion.  
7. A l l  of t h e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  t h a t  t h e  
chemical  r e a c t i o n  i n i t i a t e d  by t h e  shock wave i s  a  decomposi t ion r e a c t i o n  
t a k i n g  p l a c e  a t  t h e  s u r f a c e s  of i n d i v i d u a l  g r a i n s  ( i . e .  throughout t h e  body 
of t h e  g r a n u l a r  char.ge). The s u b j e c t  of such r e a c t i o n s  i n  porous media has  
been s t u d i e d  e x t e n s i v e l y  b o t h  f o r  AP and f o r  e x p l o s i v e s  (9,  10 ,  1 1 ) .  
D e s p i t e  t h e  many s t u d i e s ,  t h e  exac t  i n i t i a t i o n  mechanism i s  n o t  known. TWO 
p r o c e s s e s  which probably  c o n t r i b u t e  toward i n i t i a t i o n  a r e  ( a )  a d i a b a t i c  
compression of i n t e r s t i t i a l  g a s ,  fo l lowed by h e a t  conduct ion from t h e  
-17- 
gas  i n t o  g r a i n s ,  and (b) g e n e r a t i o n  of h i g h  t empera tu res  a t  g r a i n  s u r f a c e s  
by s t a g n a t i o n  of g r a i n s ,  a c c e l e r a t e d  by t h e  shockwave, a g a i n s t  o t h e r  g r a i n s ,  
It may be  p o i n t e d  o u t  t h a t  i n  e i t h e r  of t h e  two c a s e s ,  i g n i t i o n  times are 
a p t  t o  b e  v e r y  s h o r t ;  i t  can b e  shown, f o r  example, t h a t  b o t h  compression 
of t h e  g a s  and t h e  ensu ing  h e a t  t r a n s f e r  i n t o  t h e  s o l i d  can  b e  accomplished 
i n  a  f r a c t i o n  o f  a  microsecond. Thus, i t  does n o t  appear  p robab le  t h a t ,  
i n  exper iments  l a s t i n g  f o r  1 0  psec  o r  mork, i g n i t i o n  l a g s  w i l l  be  d e c i s i v e  
i n  t h e  bu i ldup  of exp los ion .  
These c o n s i d e r a t i o n s ,  combined w i t h  our  exper imenta l  r e s u l t s ,  s u g g e s t  
t h e  fo l lowing  p r o b a b l e  sequence of e v e n t s  i n  our  exper iments :  ( a )  When- 
ever  t h e r e  i s  s u r f a c e  i g n i t i o n  of t h e  g r a i n s ,  i t  t a k e s  p l a c e  a lmost  fnmed- 
i a t e l y  upon a r r i v a l  of t h e  shockwave. It appears  q u i t e  p o s s i b l e  t h a t  
i g n i t i o n  o c c u r s  a t  a l l  shock-pressure  l e v e l s  employed i n  t h i s  work ( i . e .  
down t o  about  8 kbar ) .  It i s  a l s o  p o s s i b l e  t h a t  i g n i t i o n  o c c u r s  a t  random 
p o i n t s  throughout  t h e  g r a n u l a r  bed. (b) The subsequent  developments 
depend on t h e  r a t e  of d e f l a g r a t i o n  of i g n i t e d  g r a i n s ,  and p o s d i b l y  on t h e  
rate of p ropaga t ion  of t h e  r e a c t i o n  from g r a i n  t o  g r a i n ,  The f o u r  p r i n c i -  
p a l  f a c t o r s  de te rmin ing  (enhancing)  t h e  e x t e n t  of t h e  r e a c t i o n ,  and the re -  
f o r e  c h i e f l y  r e s p o n s i b l e  f o r  occurence  of exp los ions  a r e :  ( a )  d e c r e a s i n g  
d e n s i t y  of t h e  p ressadcharge ;  (b) a d d i t i o n  of burn ing- ra te  c a t a l y s t s ;  
( c )  i n c r e a s e d  shock p r e s s u r e ;  (d )  i n c r e a s e d  shock d u r a t i o n .  
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TABLE I 
Shot 
SHOCK DATA ON PROPELLANT-GRADE AP 
0 
= 1.72 - + 0.02 gm/cc 
V e l o c i t y  
(f t l s e c )  
P r e s s .  
(kbar )  
Mech. 
R e s u l t  * 
* A-no damage; B-cap loose .  See  S e c t i o n  IIIa. 
** Based on  p e r c h l o r a t e  a n a l y s i s .  See s e c t i o n  IV. 
*** NA - n o t  analyzed.  
**** Camera f a i l u r e ;  v e l o c i t y  e s t i m a t e d ,  
TABLE I1 




















= 1.50 - + 0.015 gm/cc (86.7 - + 0.9% of vo id l e s s )  
T Veloc i ty  P  Mech. 
(us  ec) ( f t / s e c )  (kbar) Resul t* 
* A - no damage; D - t a r g e t  ruptured.  See Sec t ion  111s. 
** Based on pe rch lo ra t e  ana lys i s .  See Sec t ion  IV. 
TABLE I11 
REAGENT-GRADE AP ( 3 2 ~  diameter)  
a. p o  = 1.51  f 0.015 gm/cc 
T Veloc i ty  P re s su re  Mech. 
Shot 
- ( Psec) (f t l s e c )  (kbar) Resul t  j: % Loss** 
Shot . 
-
Veloc i ty  
(f t l s e c )  
P re s su re  Mech . 
(kbar) Result* % Losd* 
*A - no damage; B - cap loose ;  D - t a r g e t  ruptured.  See Sec t ion  IIIa. 












a .  P o  = 1.725 - + 0.025 gmlcc 
T V e l o c i t y  P r e s s u r e  Mech . 
( V S ~ C )  (f t / s e c )  (kbar ) Resul t9  %LosSk* 
T V e l o c i t y  P r e s s u r e  
(vsec) (f t l s e c )  (kbar ) Mech. R e a u l ~  * 
* A - no damage; D - t a r g e t  r u p t u r e d .  See s e c t i o n  IIIa. 
** Based on p e r c h l o r a t e  a n a l y s i s .  See S e c t i o n  I V .  










= 1.738 + 0.007 gm/cc 
- 
I- Veloc i ty  Pressure  Mech. 
( w e e )  - ( f t l s e c )  (kbar ) Recult  * % Loss ** 
* A - no damage; D - t a r g e t  ruptured.  See Sec t ion  IIIa. 





* A - no damage; B - cap loose; C - rastion; B - target ruptured, 
See Section IIIa, 
F - Surface filled; density unknown. 
** Cmera failure: velocity esthted. 
1.210 In. 
l .200 Ill. 
I 
A = HOLDER (HIGH-TENSILE S T E E L )  
B = INSERT (HARDEKED S T E E L )  
@ = PROJECTILE ( P O L Y V I W L  DICHLORIDE) 
D = TARGET (POLYVINYL DICW LORIDE) 
E = ENERGY A B O R R E R  (POLYVINY L DICH LORIDE) 
F = SAMPLE OR GAUGE 
1 ,'26', 
The Impact Exper i~uent  
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F i g u r e  3 
24321 
Figure 4. Projectile in Flight Between Gun and Target, Velocity 
= 1,670 ft/sec, 57.2 ysec Between Frames. 

o ) ,  
20A sec 
24322 
Figure 6. Oscilloscope Record of a Pressure-Gauge Signal, 
Impact Velocity: 1,035 ft/sec, 
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